Abstract: Titanium nitride (TiN) has been used extensively in coating materials and cutting tools because of its attractive properties, which include low density, high melting point, high hardness and thermodynamic stability. However, like many ceramic materials, its low fracture toughness limits wide industrial application. The methods generally utilized to improve its fracture toughness involve the fabrication of nanostructured materials and composites. In this paper, BN was evaluated as a reinforcing material in TiN ceramics by pulsed current activated sintering method. Highly dense nanostructured TiN and TiN-BN composites were achieved within 1 min at 1400 o C. The effect of BN on the grain size, hardness and fracture toughness of TiN -BN composites was evaluated. The addition of BN to TiN simultaneously improved the hardness and fracture toughness of the TiN-BN composite by refining TiN and the deterrence of crack propagation by BN.
INTRODUCTION
Titanium nitride (TiN) has been used extensively in coating materials and cutting tools due to its attractive properties, including low density, high melting point, high hardness, and thermodynamic stability. However, like many ceramic materials, its low fracture toughness limits wide industrial application [1] . The method generally utilized to improve its hardness and fracture toughness involves the fabrication of nanostructured materials and composites. The fracture toughness of a composite can be improved by crack division, deflection and branching [2, 3] . Nanostructured materials in particular have received considerable attention as advanced engineering materials with enhanced hardness and toughness [4, 5] .
TiN nanopowders have recently been fabricated using combustion synthesis, wire explosion, and high energy milling [1, 6, 7] . Among these methods, high energy milling requires a lower sintering temperature because of the increased reactivity, surface and internal energies, and surface area of the milled powder [7] [8] [9] .
Even though the initial powder size is less than 50 nm, the grain size increases significantly up to several μm during pulsed current activated sintering [6] .
Therefore, deterring grain growth during the sintering process is essential when fabricating nanostructured materials. To effectively sinter nanostructured materials, a second phase such as boron nitride (BN) has been added to deter grain growth during pulsed current activated sintering (PCAS). The method has been demonstrated to be effective for sintering nanostructured materials at low temperature in very short time periods (within 2 minutes) [10] [11] [12] . BN is considered to be an ideal second phase for improving fracture toughness [13] . The mechanical properties of BN are comparable to those of graphene. The elastic modulus of BN ranges from 700 to 900 GPa depending on the chirality [13] .
The purpose of this study was to fabricate dense and nanostructured TiN-BN composites in a very short time period (< 1 min). The effect of BN on the mechanical properties (hardness and fracture toughness), relative densities, and microstructure of the TiN-BN composites was also investigated. The milled powders were used to fill a graphite die and then introduced into the pulsed current activated sintering (PCAS) system. A schematic diagram of the system is displayed in Ref. [14] . The PCAS apparatus has a 30 kW power supply which provides a pulsed current through the die and powder, and a 60 kN uniaxial press. The system was evacuated and a uniaxial pressure of 70 MPa was applied to the powders. A pulsed current was then applied and maintained until the consolidation rate was negligible.
Specimen shrinkage was measured in real time using a linear gauge measuring vertical displacement.
Temperature was measured by a pyrometer focused on the surface of the graphite die. The heating rates were approximately 1500 o K per minute during the process. At the end of the process, the pulsed current was turned off and the specimen allowed to cool to room temperature.
The relative density of the sintered specimen was measured by the Archimedes method. Microstructure was investigated based on the fracture surface of the sintered samples. Compositional, microstructural and phase analyses of the samples was carried out using X-ray diffraction (XRD) with a Cu target, and FE-SEM with energy dispersive X-ray spectroscopy (EDS).
Vickers hardness was measured using performing indentations at a load of 10 kg f . The grain size of the TiN was evaluated from the full width at halfmaximum of the diffraction peak using Suryanarayana and Grant Norton's formula [15] . Their grain sizes were evaluated using the plot of B r cosθ versus sinθ in Suryanarayana's equation [15] , as effects of pulsed current on enhanced sintering have been reported to be the product of plasma in pores, the rapid heating due to Joule heat at the contact points of powders, and rapid mass transport because of electromigration [16, 17] .
RESULTS AND DISCUSSION
Several investigators have studied the consolidation of TiN using spark plasma sintering. TiN with 98% relative density and 10 μm grain size can be obtained by sintering at 1800 o C for 20 min [1] . Kim et al. [6] reported that even though the initial particle size of TiN was about 25 nm, the grain size increased significantly up to 7.1 μm during sintering at 1600 o C. Compared with the above studies, nanostructured TiN with higher density can be achieved within a shorter time using mechanically milled powder TiN and a pulsed current activated sintering method. Mechanical milling is understood to improve consolidation by increasing internal and surface energies, providing a diffusion route at contact points, and increasing the surface area of the milled powder [7] [8] [9] .
Vickers hardness was measured on the polished sections of the TiN, TiN-1vol% BN, TiN-3vol% BN, and TiN-5vol% BN samples using a 10 kg f load.
Indentations with 10kg f load produced cracks around the indentation, from which fracture toughness can be evaluated. 
대한금속 · 재료학회지 제56권 제9호 (2018년 9월)
TiN-BN composite is believed to be due to the BN, which may deter crack propagation in the composite.
CONCLUSIONS
Nanopowders of TiN were made using high-energy 
